Abstract: A compact widely-tunable fiber-coupled sensor for trace gas detection of hydrogen sulfide (H 2 S) in the mid infrared is reported. The sensor is based on an external-cavity quantum cascade laser (EC-QCL) tunable between 7.6 and 8.3 μm wavelengths coupled into a single-mode hollow-core waveguide. Quartz-enhanced photoacoustic spectroscopy has been selected as detecting technique. The fiber coupling system converts the astigmatic beam exiting the laser into a TEM 00 mode. During a full laser scan, we observed no misalignment between the optical beam and the tuning fork, thus making our system applicable for multi-gas or broad absorber detections. The sensor has been tested on N 2 :H 2 S gas mixtures. The minimum detectable H 2 S concentration is 450 ppb in ~3 s integration time, which is the best value till now reported in literature for H 2 S optical sensors. 
Introduction
Environmental monitoring is among the topics of larger interest for both scientific and civil purposes. Real-time in situ monitoring of toxic emissions in industrial environments is one of the main issues and requires robust, compact and sufficiently performing sensors. Efficient detection can be pursued essentially by following two approaches: selection of a highsensitivity spectroscopic technique and choice of the most suitable absorption range. The latter has to take into account the presence of interference absorption effects by molecules such as H 2 O or CO 2 , due to their high concentration level in ambient air, as well as the availability of suitable instrumentation such as sufficiently high power laser sources and sensitive detectors.
Since its first demonstration in 2002 [1] , quartz-enhanced photoacoustic spectroscopy (QEPAS) has earned a place among the high-sensitivity spectroscopic techniques, particularly suited for in-field application. It allows for compact and robust apparatus, with a much simpler optical configuration with respect to competitive techniques such as cavity ring down (CRD) spectroscopy or integrated cavity output (ICOS) spectroscopy and thus requires much simpler alignment procedures. QEPAS is an alternative approach to standard photoacoustic detection of trace gas utilizing a quartz tuning fork (QTF) as a sharply resonant acoustic transducer to detect weak photoacoustic excitation and allowing the use of extremely small volumes [1, 2] . Such an approach removes restrictions imposed on the gas cell by the acoustic resonance conditions. Piezoelectric QTFs, which are typically employed as a frequency standard in clocks, watches and smart phones are used as photoacoustic transducers. They are characterized by a resonant frequency of 2 15 or ~32,768 Hz and possess a Q 100,000 or higher when encapsulated in vacuum and a Q 10,000 at normal atmospheric pressure. From the acoustical point of view QTF is a quadrupole, which provides good environmental noise immunity.
The recent development and commercialization of quantum cascade lasers (QCLs) have a strong impact in the field of trace-gas detection for environmental monitoring [3] , as they gather, in a compact laser source, useful features like robustness, wavelength agility, high emission power [4, 5] . Very efficient mid-IR QCL-based QEPAS sensors have been demonstrated for trace detection of several chemical species, such as NH 3 , NO, CO 2 , N 2 O, CO, CH 2 O, C 3 H 6 O, etc [6] [7] [8] [9] [10] . A record detection limit of 50 parts per trillion has been reported for SF 6 [11] , corresponding to a normalized noise equivalent absorption (NNEA) value of 2.7·10
10 W·cm 1 ·Hz -1/2 , comparable with the best values obtained using highly sensitive techniques, such as CRD and ICOS, characterized by very long optical path lengths [12] . Moreover, one of the main advantages of the QEPAS is that optical detectors are not needed. Recently, a sensor combining QEPAS with high finesse optical cavities (Intracavity-QEPAS) has been demonstrated, leading to possible improved sensitivity of more than two orders of magnitude higher with respect to standard QEPAS apparatuses [13] . A QCL-based QEPAS sensor operating in the THz [14, 15] range has been also developed, with detection capabilities at the same levels of the best reported for mid-IR ones.
To further enhance the QEPAS signal, a so-called micro-resonator (mR) can be added to the QTF. The mR consists of two thin metallic or glass tubes. The QTF is positioned between the tubes to probe the acoustic wave excited in the gas contained inside the mR. It is mandatory that the laser radiation passes through the acoustic detection module (ADM) composed by the mR and QTF without hitting it, otherwise the radiation absorbed or blocked by mR or QTF results in a undesirable non-zero background. This signal is usually several times larger than the thermal noise level of QEPAS and carries a shifting fringe-like interference pattern, which strongly limits the QEPAS detection limit [8, 16] .
The use of mid-IR external cavity (EC)-QCLs, able to cover with a single-device a tuning range larger than 100 cm 1 , enables the QEPAS sensor to monitor a large number of different molecules by proper tuning of the laser frequency [17] . The accuracy of this multi-gas sensing depends on the capability of keeping the laser focused between the prongs of the ADM during the spectral scan. In fact, wide EC-QCL tuning is achieved by rotating the first order diffraction coupled back into the QCL, forming the external cavity. This mechanical operation leads to small variations of the laser beam shape and output direction. Due to strict requirements on beam focusing between the ADM, alignment re-optimization is required, unless some strategies are adopted. A suitable approach can be the use of single-mode fibercoupled systems to deliver the radiation from the laser to the QEPAS module. Indeed, the fiber may force the laser beam into a TEM 00 -like mode and preserve the optical alignment with the QTF detection system.
Only very recently, low-loss single-mode fibers have become commercially available in the mid-IR range. Solid-core chalcogenide glass fibers operate in single-mode in the range 1.5-6 µm, since for longer wavelengths these fibers attenuate strongly, due to absorption from chalcogenide glass at the edge of the fiber core [18] . Hollow core waveguides (HWG) with bore diameters as large as 30 times the wavelength have been shown to provide a convenient, relatively low-loss means of delivering mid-IR beams with a single spatial mode. Up to now, HWG with bore size down to 200 µm and operating in single mode in the range 5-11 µm, have been demonstrated [19] [20] [21] .
We report here on a QEPAS sensor based on a HWG coupled with an EC-QCL operating in the range 7.6-8.3 μm. In this work, we use a single-mode HWG with inner silver-silver iodine (Ag-AgI) coatings and internal core diameter of 200 μm. To our knowledge, this is the first time that a single mode fiber has been used in this spectral range for sensing applications. A detailed analysis of the optical performances of the employed HWG as a function of the optical coupling configuration allows us to identify the best operating condition in terms of waveguide losses and single mode beam profile at the waveguide exit. The final output focuser has been designed to provide a beam size and waist small enough to be focused through the mR and between the QTF prongs without hitting them.The sensor has been tested on hydrogen sulfide (H 2 S), a molecule of high interest for environmental monitoring due to its high toxicity.
Several sensors for H 2 S detection using DFB lasers operating around 1.57 μm have been reported [22] [23] [24] [25] . The best results were obtained with off-axis integrated cavity output spectroscopy (OA-ICOS), leading to a minimum detectable concentration of 670 ppm for a 3 s averaging time [23] , and 500 ppb detection limit was achieved with a dual-channel H 2 S photoacoustic sensor [25] . With our mid-IR QEPAS system we reached a H 2 S detection limit in both dry and wet N 2 down to 450 ppb in 3 seconds integration time (330 ppb for 30s integration time), which represents the best achieved value with optical techniques.
Experimental setup
For our QEPAS sensor we selected a room-temperature continuous-wave EC-QCL (Daylight Solutions CW-Pulsed) emitting from 1205 to 1310 cm 1 (7.6 to 8.3 µm wavelength) as laser source, with an output power up to 90 mW and wavelegth accuracy ± 1.5 cm 1 . The latter feature is not a problem if broad absorption lines are investigated (like those of dioxins, for example), but becomes critical when dealing with gas samples, even at atmospheric pressure. Mode-hop free EC-QCLs have a wavelength setting precision down to 0.01 cm 1 but, as this is not the case, in order to achieve higher resolution than 1 wavenumber, fine tuning can be obtained by changing the laser temperature. A specific Labview program was written in order to precisely control the laser temperature via the internal Peltier element, allowing for fine spectral scans of several GHz (tuning coefficient: about 2 GHz/K). The laser driver is equipped with an internal bias-tee allowing for fast (up to 2 MHz) external modulation of the QCL current.
The schematic of the QEPAS setup is shown in Fig. 1 . The beam exiting the laser is coupled to a hollow-core waveguide (Opto-Knowledge Systems Inc.) by means of optimized coupling optics, and a final output focuser allows for optimal beam focusing between the 300-μm-spaced QTF prongs and passing through the mR system. The ADM is housed in a vacuum-tight cell designed for spectroscopic analysis of both static and flowing gas and equipped with two ZnSe windows. The pressure and flow rate of the sample gas through the cell are controlled and maintained at the desired level using a pressure controller and gas flow meter (MKS Instruments Type 640). The mR system consists of two metallic tubes with a length of 4.00 mm each and inner diameter of 0.84 mm, acting as acoustic organ-pipe resonators. The laser beam exiting the QEPAS cell passes through a reference gas cell (length 10 cm) filled with pure H 2 S (99.5%) at 5.3 mbar. An IR detector (VIGO model PV-8) subsequently collects the radiation. The recorded absorption spectra allow us to monitor the laser frequency scan. A wavelength modulation (WM) detection technique was implemented by applying a sinusoidal modulation to the QCL current (via the driver internal bias-tee) at half of the QTF resonance frequency f 0 /2 and detecting the QTF response at f 0 (2f-QEPAS) by means of a lock-in amplifier. Unless differently specified, the lock-in amplifier was set to a time constant τ = 200 ms and 12 dB/oct filter slope for all QEPAS measurements reported in this work. QEPAS spectral scans over the molecular absorption line were performed by tuning the laser temperature as described above. Before the lock-in amplifier demodulation, the QTF signal is processed by a transimpedance amplifier (gain resistor Rg = 10MΩ) positioned very close to the QTF + mR system, and a control electronic unit (CEU). The latter provides also the electromechanical parameters of the QTF: its dynamic resistance R, quality factor Q, and resonant frequency f 0 . The physical parameters measured for our QTF at 165 mbar using N 2 as gas carrier were Q = 18986, f 0 = 32759.63 Hz and R = 63.8 kΩ. From the measured resistance we extract a QTF thermal noise of 4.6 μV (0.83 Hz detection bandwidth) [8] . The lock-in amplifier is controlled by an USB data acquisition card (National Instruments DAQ-Card USB6008) via a LabVIEW-based software.
Single mode mid-IR fiber coupling system
The HWG used here is similar to that described in [19] . It is realized with an inner silversilver iodine (Ag-AgI) reflecting coating and has an internal bore size d = 200 μm (~25 times larger than the operating laser wavelength), and a length of 15 cm. To provide single mode transmission it is crucial to optimize the coupling between the laser and the waveguide modes [26] . The fundamental waveguided modes are hybrid HE nm , where HE 11 is the lowest order mode having a circularly-symmetric Gaussian-like spatial beam profile. Essentially, coupling coefficients for the various modes are governed by the degree to which the focused beam "fills" the hollow bore. Optimal coupling into the lowest order HE 11 [26, 27] . For a fiber with a bore diameter d = 200 µm, optimal coupling occurs for w o = 64 µm, which for λ = 7 µm equates to a numerical aperture NA = λ/(π· w o ) = 0.035. Thus, relatively slow optics provide optimal coupling into the lowest order mode. When faster optics are used (i.e, giving a laser beam diameter at the waveguide entrance smaller than the core size, so realizing an "under filling condition") there will be less coupling into the lowest order mode and more coupling into the higher order modes. On the opposite extreme, for the case where the beam size is bigger than the bore, the coupling efficiency will naturally go down due to clipping of the beam; however, the lowest order mode will be preferentially exited. Based on this considerations, we designed and realized an optimized laser optical coupling system. It has been fixed directly on the laser mount, thus minimizing mechanical relative vibrations or misalignments of the laser beam. In Fig. 2 the twodimensional intensity distributions of the laser beam exiting the EC-QCL (Fig. 2(a) ) and at ~2 cm away from the HWG exit (Fig. 2(b) ) are shown, measured by a pyroelectric infrared camera (Ophir-Spiricon Pyrocam-III). The partially astigmatic beam exiting the laser is cleaned into a good TEM 00 -like mode at the end of the ~15 cm long fiber, so to be efficiently focused into the QTF + mR module. Moreover, laser tuning does not affect the beam mode exiting the fiber. Propagation losses of 1.34 dB have been determined by measuring the optical power both at the waveguide entrance and at the output of the fiber. We extracted an output-beam divergence of 24 mrad by adopting the approach described in [28] . Note that the beam divergence critically depends on the nature of the optical mode propagating through the guide, the propagating light wavelength and the HWG bore diameter. By using a coupling lens with a nominal focal length of f = 40 mm we estimated, for a Gaussian laser beam,
68 µm, where R is the radius of curvature of the lens and 2w = 2.6 mm is the laser beam diameter, which corresponds to 2w o /d ~0.68, very similar to the optimum value (0.64) for single mode emission. The fiber output focuser was designed and realized in order to provide a focusing distance of 40 mm and produce a laser beam shaping so that the light can be transmitted through the ADM system without hitting it. In Fig. 2(c) the 3D laser beam profile is shown as measured by the pyroelectric camera at the focusing plane of the collimator. From a Gaussian fit of the focused beam profile, shown in Fig. 2(d) , we calculated a beam waist diameter of ~170 µm, well below the gap between the QTF prongs (~300 µm). As a result, more than 96% of the laser beam coming out the collimator was transmitted through ADM module without touching it, leading to a barely visible background fringe-like pattern in the QEPAS spectra. Thus, the employment of a HWG in our QEPAS setup provided two main advantages: it avoids optical misalignment when tuning the laser and, at the same time, allows to operate with a mid-infrared excitation beam of high quality and stability. The only minor drawback is a power reduction of about 30% due to the HWG losses and to the uncoated coupling and focusing optics used. Starting from 77 mW exiting the EC-QCL on the peak of the selected absorption line, we measured 53 mW after the focuser. This power attenuation can be further reduced by adopting proper anti-reflection coatings on the optics. 
H 2 S trace-gas detection
A crucial issue for H 2 S field measurements is to avoid interference effects from H 2 O, since the presence of water vapor can strongly affect or even destroy the performances of H 2 S sensors, while gas sensing in a range free from strong water absorption allows gaining in sensitivity and reproducibility. In Fig. 3 we show the simulated absorption spectra for a gas mixture of standard air and 10 ppm of H 2 S at 160 mbar pressure in the range 1266.8-1267.0 cm 1 , using HITRAN database. For the sensor validation we selected the H 2 S absorption line falling at 1266.933 cm 1 and belonging to the (010-000) vibrational band, with a linestrength S = 1.51·10
21 cm/mol (HITRAN units [29] ). We chose this line also because it is one of the strongest available for H 2 S in the EC-QCL operating range. At ~1266.883 cm 1 an absorption line due to water vapor is clearly visible but, at the selected gas pressure, it doesn't sensibly affect the H 2 S peak absorption. Fig. 3 . Simulation of direct absorption spectrum of a gas sample composed by 10 ppm H2S in N2 with 2% water vapor. The sample pressure has been set to 160 mbar, the same as used in our setup. The absorption path has been (arbitrarily) set to 10 cm. At the working pressure the water lines do not sensibly affect the H2S peak absorption, limiting their interfering effect to the tails of the line profile.
To find the optimal operating condition in terms of QEPAS signal-to-noise ratio, we investigated the effects of gas pressure and WM amplitude. Figure 4 shows the obtained results for a gas mixture composed of 120 ppm H 2 S in N 2 . The optimal sensor operating conditions were found to occur at a gas pressure of 160 mbar (Fig. 4(a) ) and a modulation amplitude Δλ of 10 V peak-to-peak (Fig. 4(b) ), limited by the modulation capability of our waveform generator and corresponding to about 0.03 cm 1 modulation depth. We used a trace gas standard generator used to produce H 2 S concentrations in the range 0-500 ppm, employing pure or humidified N 2 as the diluting gas, starting from a certified 500 ppm H 2 S in N 2 mixture. Several 2f-QEPAS spectral scan acquisitions have been obtained for different H 2 S concentrations and the related measured QEPAS peak values are reported in Fig. 5 . A linear fit of the data demonstrates the good linearity of the sensor versus H 2 S concentration. A representative 2f-QEPAS spectral scan of a 100 ppm H 2 S:N 2 gas mixture sample is shown in Fig. 6(a) . The spectrum has a typical second-derivative shape, slightly distorted because of non-negligible residual amplitude modulation of the QCL during the scan [15] . The spectrum has been acquired with the lock-in amplifier set to 200 ms integration time and 12 dB/oct filter slope. By analyzing the signal-to-noise ratios (S/N) of all the acquired spectra, we extracted a minimum detectable concentration (at S/N = 1) C min = 3 ppm of H 2 S in dry N 2 . The measurements have been repeated also for humidified N 2 (up to 2% water vapor concentration), and no significant variations of the signal-to-noise ratio have been recorded. This verifies two assumptions. In terms of gas mixture excitation, the water absorption lines are far enough from the selected H 2 S one in order not to influence, at the selected working pressure, the QEPAS signal. As for what the de-excitation processes are concerned, H 2 O does not act as a relaxation promoter for the gas mixture. This can be expected since H 2 S shows fast vibrational de-excitation velocity, similar to that of H 2 O [30] . As a consequence, in-field operation of our sensor would not require any water concentration calibration. It is finally worth noting that the time duration of a single scan is much longer than the integration time but, as the 2f-QEPAS signal is background free, once the sensor has been calibrated it is sufficient to measure the peak value by acquiring a single point to retrieve the sample concentration. Thus our QEPAS sensor can work in real time with a time response below 1s. In order to determine the best achievable sensitivity of the QEPAS sensor we performed an Allan deviation analysis, measuring and averaging the QEPAS signal for pure N 2 at 160 mbar pressure under the optimized QEPAS operating conditions. As shown in Fig. 6(b) , for a 1 s integration time a C min = 1.3 ppm is reached, which, for averaging times of 3.5 s, drops down to 450 ppb, a record value for H 2 S optical detection. The latter corresponds to a minimum absorption coefficient α min = 3.5·10 8 cm 1 . By taking into account the laser power available for sample interaction (~45 mW due to partial reflection by the ZnSe entrance window of the vacuum-thigh cell), we extract a NNEA of 7.3·10
9 Wcm 1 Hz -1/2 .
Conclusion
In this work we have reported on a widely-tunable QEPAS spectrometer operating around 8 μm wavelength based on a single-mode fiber-coupled EC-QCL. The HWG allows to clean the astigmatic beam exiting the QCL into a TEM 00 -like mode, optimal for beam focusing through the QTF. Moreover, the use of a hollow-core fiber allows to fully exploit the wide tunability of the laser source, avoiding any optical misalignment with the ADM module produced by mechanical rotations of the external-cavity grating. Spectroscopic validation of the sensor has been carried out selecting as target gas H 2 S, a toxic molecule of crucial importance for petrochemical and environmental monitoring applications. Background-free spectral scans for different H 2 S concentrations have been performed in order to verify the sensor linearity. The sensor allows for rapid measurements (200 ms integration time) down to a detection limit of 3 ppm of H 2 S in N 2 . The sensitivity can be improved by about one order of magnitude (330 ppb) by increasing the integration time up to ~30 seconds. Noteworthy, at the operating pressure of 160 mbar the selected absorption H 2 S line is not sensibly affected by the presence of water vapors (up to few %) in the gas mixture and make our sensor usable for in field on-line H 2 S measurements.
